This mini-review focuses on recent research with avian TLRs (Toll-like receptors), highlighting shared and distinct features compared with the more intensively studied mammalian TLR. These include the avian TLR repertoire and the response to various agonists. Studies with avian TLR can be applied to development of new approaches to control diseases of birds and is especially relevant to bird-borne zoonoses including avian influenza, Salmonella and Campylobacter.
Introduction
The TLR (Toll-like receptor) family is a highly conserved group of molecules that plays a major role in pathogen detection and initiation/regulation of immune responses. These receptors have been described in many animal phyla and the genomes of most vertebrate species encode between 10 and 13 different TLRs [1] . Comparative studies will help define the evolution of vertebrate TLR in the context of pathogen challenge and provide the potential to develop host-species-tailored control strategies. We will describe the nature of the avian TLR repertoire and function that may be relevant to the transmission of infection to humans.
The avian TLR repertoire
In evolutionary terms, avian and mammalian lineages diverged from a common ancestor approx. 300 million years ago, and the avian TLR repertoire comprises both orthologous and distinct TLR genes. To date, ten avian TLRs have been described and there are clear orthologues of mammalian TLR3, 4, 5 and 7, encoded within genomic regions with conserved synteny [1] [2] [3] [4] [5] .
The chicken genome encodes at least one (probably two) members of the TLR1/6/10 family [5] [6] [7] [8] and two tandemly arranged genes encoding TLR2 receptors [9, 10] . In humans, TLR1 and 6 have been shown to form heterodimers with TLR2 which influence agonist reactivity; the configuration of these receptors in chickens may also serve a similar purpose (see below). Interestingly, there are remnants of a second disrupted TLR2-like gene in tandem with the func- tional TLR2 gene in mice and humans. Hence, the duplication of TLR2 occurred prior to the divergence of mammals and birds and was lost as a functional gene in the mammalian lineage.
The TLR8 gene in chickens is fragmented and disrupted by a CR1 (chicken repeat-1) retrovirus-like element; this feature was detected in galliform bird species but not in non-galliform bird species [4] . The galliforms diverged from other birds approx. 90 million years ago and a lineage-specific deletion of TLR8 may contribute to differences in viral susceptibility. Although an attractive and topical hypothesis (especially in the context of avian influenza), our analysis did not determine the status of TLR8 in non-galliform birds and this is currently under scrutiny (M. MacDonald, K. Magor and A.L. Smith, unpublished work). There is no evidence for a chTLR9 (chicken TLR9) orthologue and, if present, it is not located in an area of conserved synteny with mammals. However, chicken cells respond to unmethylated CpG motifs that stimulate mammalian TLR9 (e.g. [11] ) and TLR9 can be identified in Xenopus [1] . Hence, either an avian TLR9 remains to be defined or a different receptor is involved in CpG recognition. Orthologues of murine TLR11, 12 or 13 cannot be clearly identified in the chicken genome.
Genes encoding two distinct chTLR have also been identified within the chicken genome ( [1, 12] , and V.J. Philbin, A. Boyd and A.L. Smith, unpublished work). One of these, chTLR15 is not closely related to any known vertebrate TLR [1, 12] . The other distinct chTLR shares homology with the fish/amphibian TLR21-TLR23 family [1] although the preliminary identification as chTLR21 (implying orthologous status with fish/amphibian TLR21) requires experimental confirmation.
The level of amino-acid-sequence identity between specific chTLRs and their mammalian counterparts is high (Table 1 ) compared with many other immune-related genes shared by these species. The sequence-based analyses can be supplemented by prediction of structural organization, TLR1  TLR2  TLR3  TLR4  TLR5  TLR6  TLR7  TLR8  TLR9  TLR10  FuTLR21   chTLR1.1  49  28  19  23  21  45  20  21  22  44  24 81  27  38  29  52  38  36  34  50  43  chTLR3  28  28  67  30  28  27  31  32  29  26  28  chTLR4  34  37  29  60  30  33  31  29  28  31  34   chTLR5  31  31  28  32  70  28  30  32  32  28  38  chTLR7  34  39  28  30  25  33  72  56  47  34 especially LRR (leucine-rich repeat) distribution (Figure 1) .
Biology of chTLR
Many studies have demonstrated that chicken cells respond to exogenous addition of pathogen components with agonist activity for mammalian TLR. The distribution of chTLR mRNA in isolated cell populations and tissues (e.g. [7, 10, [12] [13] [14] ) is broadly similar to that described for mammals. Determination of the TLR repertoire expressed by different cell types has allowed more rational description of the cellular responses induced after exposure to pathogens or their components. Ectopic expression of chTLR in mammalian cells, such as HEK-293 cells (human embryonic kidney cells), has been used to confirm chTLR agonist specificities for chTLR1/6/10-like molecules, chTLR2 (2.1 and 2.2), chTLR3 and chTLR7 ( [6, 8, 10, 15] , and V.J. Philbin, A. Boyd and A.L. Smith, unpublished work). The two chTLR2 molecules exhibit different capacities to respond to mammalian TLR2 agonists [6, 8, 10] . In mammals, TLR1-TLR2 or TLR6-TLR2 heterodimers enhance responses and confer agonist specificity on diacylated and triacylated lipopeptides. Keestra et al. [8] demonstrated that one chTLR1/6/10-like molecule (termed TLR16) enhanced the ability of chTLR2.2 to respond to both diacylated and triacylated agonists. Creation of chimaeric receptors with exchange of chTLR1/6/10 LRR 6-16 into human TLR6 conferred dual specificity and allowed species-specific interactions with chTLR2.2. In contrast, Higuchi et al. [6] described two chTLR1/6/10 molecules and reported that a combination of TLR1.1 or TLR1.2 with either TLR2.1 or TLR2.2 afforded specificity to the agonist response. Based on sequence similarity and response profile, the Keestra TLR16 and the Higushi TLR1.1 represent the same molecule.
The agonist activity of double-stranded RNA [poly(I:C)] for chTLR3 has recently been demonstrated by transfection into HEK-293 cells [15] . Similarly, we have demonstrated activation of chTLR7-transfected HEK-293 cells with R848 (V.J. Philbin and A.L. Smith, unpublished work). Exposure of chicken splenocytes to TLR7/8 agonists induces strong up-regulation of IL-1β (interleukin 1β), IL-6 and IL-8 but fails to induce the up-regulation of IFNα (interferon α) or IFNβ mRNA [4] . Transfection of mouse or chicken TLR7 into cultured chicken kidney cells leads to agonist-dependent up-regulation of IL-1β but not IFNα or IFNβ mRNA. In contrast, chTLR7 is capable of inducing NF-κB (nuclear factor κB) reporter systems and IFNβ mRNA in HEK-293 cells, suggesting a difference in signalling pathways between birds and mammals. However, TLR7-agonist-induced induction of type I IFN has been reported in chicken cells as measured by antiviral or Mx reporter assays (e.g. [15] ). Also, heterophils (avian polymorphonuclear cells) isolated from two chicken lines exhibited differential responsiveness to R848 exposure, indicating the potential for genetic polymorphism in this pathway [16] .
Transfection-based studies are yet to be reported with the other chTLRs, but there is evidence for TLR4-LPS (lipopolysaccharide) and TLR5-flagellin interactions (e.g. [2, 17] ). The ability of chicken cells to respond to unmethylated CpG motifs is also well established (e.g. [13] ) but, as indicated above, there is no evidence for a chTLR9 orthologue.
At present, in vivo analysis of chTLR function is limited, although two reports with Salmonella enterica provide evidence that TLR interactions affect host-pathogen biology. The chTLR4 gene is polymorphic (as seen with human TLR4) and a genetic mapping approach was used to identify this locus as contributing to the ability to resist the effects of systemic salmonellosis in young chicks [3] . The studies on chTLR5 were driven by the observation that flagella status of S. enterica serovars correlated with ability to cause serious systemic disease. Flagellated serovars Typhimurium and Enteritidis are largely restricted to the gut compared with aflagellate Pullorum and Gallinarum, which cause typhoid-like disease. An aflagellate Salmonella Typhimurium mutant (administered orally) established in systemic tissues more efficiently than the parental, flagella intact strain [2] . The increased translocation was associated with reduced inflammation and cytokine production in the gut, suggesting a role for TLR5-flagellin interactions in retention of flagellated Salmonella in the gut.
Conclusions
Studies of avian TLR biology are at an early phase but it is already clear that there are significant differences from mammals, especially with the TLR repertoire and cellular response to agonist exposure. These studies will continue to have an impact on our understanding of the evolution of vertebrate TLR function and avian host-pathogen biology. There are clear opportunities to develop species-specific adjuvants and pathogen control strategies that will impact on animal and human health.
